Ku80 maintains the genome by repairing DNA doublestrand breaks (DSBs) through nonhomologous end joining (NHEJ), a pathway that repairs nonspecific DSBs and Rag-1 Rag-2 (Rag)-specific DSBs. As a result, Ku80 deletion results in phenotypes characteristic of defective repair for both nonspecific DSBs (c-radiation hypersensitivity and genomic instability) and Rag-specific DSBs (immunodeficiency). ku80 À/À mice also exhibit neuronal apoptosis, but we do not know the type of DSBs responsible for this response. In spite of genomic instability and immunodeficiency, cancer incidence is not increased in ku80 À/À mice. However, deletion of the tumor suppressor, p53 greatly increases pro-B-cell lymphoma in ku80 À/À mice due to IgH/c-Myc translocations suggesting that responses to Rag-specific DNA DSBs suppress cancer. Like suppression of pro-B-cell lymphoma, neuronal apoptosis requires p53 presenting the intriguing possibility that Rag-specific DSBs mediate neuronal development as they do lymphocyte development. Here we delete Rag-1 from ku80
Introduction
Nonhomologous end joining (NHEJ) maintains genomic stability by repairing DNA double strand breaks (DSBs) by joining DNA ends together . There are seven known NHEJ proteins in mammals: Ku80, Ku70, DNA-PK CS , Artemis, Xrcc4, DNA Ligase IV and Xrcc4-like factor. Ku80 forms a heterodimer with Ku70, called Ku, and along with the phosphatidylinositol 3 0 -kinase catalytic subunit, DNA-PK CS , forms a holoenzyme referred to as DNA-PK (DNA-dependent protein kinase). Artemis forms a complex with DNA-PK CS that opens hairpins and processes overhangs and Xrcc4 forms a complex with DNA Ligase IV that ligates DNA ends. In addition, a recently identified protein with weak homology to Xrcc4 (Xrcc4-like factor) forms a complex with the Xrcc4-DNA ligase IV heterodimer that is essential for NHEJ (Ahnesorg et al., 2006; Buck et al., 2006) . These NHEJ proteins repair both nonspecific DSBs induced by clastogenic agents or DNA replication and specific DSBs induced by Rag-1 and Rag-2 (Rag) at the recombination signal sequences (RSSs) to initiate V(D)J recombination for assembling antigen receptor genes (Schatz et al., 1989; Oettinger et al., 1990) .
Mice deleted for Ku or Xrcc4/DNA ligase IV exhibit phenotypes that result from defective repair of both nonspecific and Rag-specific DSBs (Nussenzweig et al., 1996 (Nussenzweig et al., , 1997 Zhu et al., 1996; Gu et al., 1997a, b; Frank et al., 1998; Gao et al., 1998; Karanjawala et al., 1999; Ferguson et al., 2000; Frank et al., 2000; Lim et al., 2000) . Defective nonspecific DSB repair causes general genomic instability and hypersensitivity to clastogenic agents, whereas defective Rag-specific DSB repair causes failed B-and T-cell development resulting in severe combined immunodeficiency. Therefore, these NHEJ-mutant mice exhibit phenotypic characteristics that correspond to defects in repairing nonspecific and Rag-specific DSBs.
Could Rag-induced DSBs be important for the nervous system? Rag appears to generate DSBs at more locations than just the RSSs associated with V(D)J recombination. For example, Rag cleaves certain non-Bform DNA structures to cause translocations between chromosomes 14 and 18 found in follicular lymphomas (Raghavan et al., 2004 (Raghavan et al., , 2005a . The break on chromosome 18 at the Bcl-2 gene occurs at the major breakpoint region (Mbr) and this region can assume a non-B-form DNA structure. Joining the V(D)J recombination coding ends to the bcl-2 Mbr ends is dependent on DNA ligase IV indicating repair by NHEJ. Current data also support the possibility that the genome of neuronal cells is highly dynamic owing to Rag-mediated retrotransposition. In support of this possibility, retrotransposition of an engineered human L1 element occurred in rat hippocampus stem cells and results in neuronal somatic mosaicism in transgenic mice (Muotri et al., 2005) . In vitro, Rag mediates such transpositions (Agrawal et al., 1998; Hiom et al., 1998) and Rag-1 is expressed in the murine brain suggesting Rag-1 functions in neurons to recombine site-specific elements of the neuronal genome (Chun et al., 1991) . Furthermore, NHEJ may be important for retrotransposition as DNA-PK-deficient murine cells infected with three different retroviruses showed reduced retroviral DNA integration and increased apoptosis (Daniel et al., 1999) . These intriguing observations suggest that the genome of neuronal cells undergoes Rag-mediated retrotransposition in a manner that is reminiscent of V(D)J recombination (Roth and Craig, 1998) . Therefore, NHEJ repair of Rag-specific DSBs may be broader than just V(D)J recombination to include non-B-form structures and retrotransposition.
The NHEJ-mutant phenotypes are influenced by cellular responses mediated by the tumor suppressor protein, p53 (Guidos et al., 1996; Difilippantonio et al., 2000; Frank et al., 2000; Gao et al., 2000; Lim et al., 2000) . Mice deleted for either Ku or Xrcc4/DNA ligase IV show premature replicative senescence of fibroblasts and neuronal apoptosis Gu et al., 2000) and deletion of p53 rescues these phenotypes. Therefore, DNA damage alone does not cause these phenotypes, but instead they are caused by p53-mediated cellular responses to inefficiently repaired DNA damage. These observations suggest that DNA damage or mutations will accumulate in NHEJ-mutant mice without normal DNA damage responses. To support this notion, a p53-mediated response to Ragspecific DSBs may be important for suppressing cancer in NHEJ-mutant mice as p53 responds to Rag-induced DSBs (Guidos et al., 1996) . In addition, deletion of p53 greatly increases the incidence of pro-B cell lymphoma for NHEJ-mutant mice and these lymphomas are associated with translocations involving IgH (chromosome 12) and c-Myc (chromosome 15) showing that Rag-generated open coding ends at IgH are substrates for this cancer-causing translocation (Vanasse et al., 1999; Difilippantonio et al., 2002; Zhu et al., 2002; Gladdy et al., 2003) . In addition to pro-B-cell lymphoma, DNA ligase IV
À/À mice exhibit medulloblastoma by 9 weeks (Lee and McKinnon, 2002) again indicating that deletion of both DNA damage responses and NHEJ-proteins is important for increasing cancer incidence. However, we do not know if increased medulloblastoma is due to defective repair of either nonspecific or Rag-induced DSBs.
Rag-1 was deleted from ku80 À/À p53 À/À mice in order to differentiate between the impact nonspecific and Raginduced DSBs have on cancer incidence. Deletion of Rag-1 stops pro-B cell lymphoma in the ku80
mice, confirming that Rag-induced DSBs induce this cancer as previously shown (Difilippantonio et al., 2002) . As a result, these triple mutant mice live about twice as long as ku80 À/À p53 À/À mice. T-cell lymphoma and medulloblastoma occur in both the triple mutant cohort and the p53 À/À rag-1 À/À cohort; whereas the former occurs at the same incidence in both cohorts, the latter is significantly higher in the triple-mutant cohort. These data show that medulloblastoma is caused by a defect in NHEJ that does not require Rag-induced DSBs and therefore is likely caused by nonspecific damage. These data do not support a role for Raginduced DSBs in the development of the nervous system and is the first observation that Ku80 suppresses cancer caused by nonspecific DNA damage.
Results
Rag-1 (Mombaerts et al., 1992) was deleted from ku80
À/À mice (Donehower et al., 1992; Zhu et al., 1996) to determine the impact Rag-specific DSBs have on cancer incidence as compared to nonspecific DSBs. For this study, Ku80 þ /À p53 þ /À(À/À) rag-1 À/À crosses generated all cohorts; thus, all mice are deleted for Rag-1 and in the same genetic background (C57Bl Â 129 cross). These cohorts were first analysed for lifespan and only immobile mice, unable to reach the water source, were euthanatized for necropsy and histology (Table 1 ). In addition, mice that were not a part of the lifespan study were euthanatized at a defined time point of 15 weeks Ku80 and p53 suppress medulloblastoma VB Holcomb et al (Table 1) . As shown in Figure 1 and Table 1 , the status of Ku80 being either heterozygous or homozygous wild type did not change the p53
rag-1 À/À cohort are considered as just one cohort in the text and for simplicity are called the p53
Lifespan and morbidity
The lifespan was measured for all cohorts ( Figure 1 ). The triple mutant cohort lived longer than the previously reported lifespan for the ku80 (Lim et al., 2000) ; deletion of Rag-1 increased their median lifespan by B2-fold from 7 to 14 weeks and their maximum lifespan by B1.2-fold from 16 to 20 weeks. However, the triple-mutant mice still become moribund at an early age and their lifespan is significantly less than the p53 À/À rag-1 À/À (Po0.0001) and ku80
cohorts (Po0.0001, log-rank test, Kaplan-Meier survival analysis). Thus, in a Rag-1 mutant background, the combined deletion of Ku80 and p53 significantly decreases lifespan as compared to the single deletion of either Ku80 or p53.
Mice were euthanatized as they became severely moribund (unable to walk to the water source). About one-fifth of the triple mutant mice and about two-thirds of the p53 À/À rag-1 À/À mice exhibited labored breathing. In addition to labored breathing, about one-third of the triple mutant mice and one of 123 p53 À/À rag-1 À/À mice exhibited acute onset vertigo that disabled mobility to the water source and resulted in severe dehydration. These mice were euthanatized and analysed by necropsy and by histology.
Labored breathing was often caused by lymphoma As shown by necropsy and histology, lymphoma was observed for most of the mice that exhibited labored breathing (Figure 2 ). For these mice, lymphoma filled the chest cavity and compromised breathing and circulation. In addition, lymphoma was frequently observed in other tissues, which include the liver, spleen, lymph nodes, bone marrow, kidneys, heart, lungs and ovaries. The total incidence of lymphoma was about the same for the triple mutant and the p53
cohorts (55 and 53%, respectively; Table 1 ). Even though total incidence of lymphoma is about the same for both cohorts, the severity of lymphoma is greater for the p53
À/À cohort than for the triple mutant cohort at the time of morbidity. Extensive lymphoma that filled the chest cavity and spread to multiple tissues was observed for about half of the p53 À/À rag-1 À/À mice, but only for about one-fifth of the triple mutant mice. Instead, the remaining triple mutant mice with lymphoma exhibited a small tumor mass restricted to the thymus that did not cause labored breathing. As some of the triple mutant mice become moribund earlier than the p53 À/À rag-1 À/À mice due to vertigo, their less severe lymphoma burden likely reflects inadequate time for lymphoma to progress. Therefore, p53 À/À rag-1 À/À mice were euthanatized at 15 weeks to examine lymphoma incidence and mass at the time many triple mutant mice become moribund from vertigo. Lymphoma was found in the p53 À/À rag-1 À/À mice at about the same incidence at 15 weeks as at the time of morbidity (Table 1) ; however, the tumor mass was not severe at this time point indicating that the level of lymphoma is about the same between the triple mutant cohort and the p53
Fluorescence-activated cell sorting (FACS) was used to determine the origin of lymphoma from four triple mutant and five p53 À/À rag-1 À/À mice. FACS shows these lymphomas to be of T-cell origin for both cohorts (Figure 2 ). These lymphomas consist of CD4 þ CD8 þ double-positive thymocytes (and negative for Immunoglobulin M, B220, CD43 and CD19 surface staining, not shown). Therefore, these tumors are similar to that previously reported for p53 (Liao et al., 1998; Nacht and Jacks, 1998) . Thus, increased DNA damage caused by Ku80 deletion does not greatly impact the incidence or severity of T-cell lymphoma in p53
Vertigo was caused by medulloblastoma As shown by necropsy and histology, medulloblastoma was observed for all of the mice that exhibited vertigo 
(15). In addition to the mice deleted for Rag-1, the ku80 À/À p53 À/À mice that were previously reported to exhibit pro-B cell lymphoma (Lim et al., 2000) are also shown (dashed line); these mice are in a similar 129 Â C57Bl background but were not a part of this study and are shown for easy comparison.
Ku80 and p53 suppress medulloblastoma VB Holcomb et al (Table 1 and Figure 3a -c); immunohistochemistry for glial fibrillary acidic protein (GFAP) (Lee et al., 2005) and synaptophysin (Lin et al., 2004) were employed to confirm the divergent differentiation that is characteristic of medulloblastomas (Figure 3d and e) . Out of eight tumors tested, four exhibited GFAP focal positivity and all eight exhibited synaptophysin positivity (two weak diffuse, three diffuse and three focal). A Wald w 2 shows that a triple mutant mouse is 4.8 times more likely to have medulloblastoma than a p53 À/À rag-1 À/À mouse (Po0.0001). About 66.7% of the triple mutant mice and 8.1% of the p53 À/À rag-1 À/À mice had a medulloblastoma at the time of morbidity. As expected, medulloblastoma was not observed in any of the six p53 À/À rag-1 À/À mice euthanatized at 15 weeks or for any of the other cohorts (Table 1) . Even though medulloblastoma was not observed for ku80
mouse, euthanatized at 15 weeks, showed a focal increase in external granule cells that may be a precursor of medulloblastoma, but this is not medulloblastoma (Figure 3f ). This observation suggests that deletion of Ku80 leads to hyperplasia, but removal of the p53-mediated response is essential for medulloblastoma development. Therefore, these data show that, unlike T-cell lymphoma, medulloblastoma occurs at a significantly higher incidence in the triple mutant cohort compared to the p53 À/À rag-1 À/À cohort. What is the histogenesis of these medulloblastomas? The leading hypothesis states that the cell of origin is derived from the external granular layer (EGL) of the cerebellum. The sonic hedgehog-patched signaling pathway is a major mitogenic regulator of EGL progenitor cells, and the findings that the external granular layer contains precursor neurons whose proliferation is controlled by sonic hedgehog, and the sonic hedgehog receptor patched is mutated in a subset of sporadic medulloblastomas support this hypothesis (Marino, 2005) . This hypothesis appears to apply for at least some of the medulloblastomas observed in the triple mutant mice because the external granule cell layer of the cerebellum appears to be the origin for simultaneous early tumors in different non-contiguous regions of the cerebellum for one triple mutant mouse at the time of morbidity (not shown). For this mouse, there are two synchronous and separate early medulloblastomas that appear to be arising in the external granular layer. To Ku80 and p53 suppress medulloblastoma VB Holcomb et al support this observation, we euthanatized four triple mutant mice at presymptomatic phases (between 8 and 11.5 weeks). One of these mice (11.5 weeks) showed an early medulloblastoma that consisted of a diffuse but variably cellular infiltrate predominantly involving the external portions of cerebellar folia and regions of invasion into the underlying cerebellar tissue (Figure 4 ). There appeared to have possibly been the noncontiguous but roughly synchronous onset of medulloblastoma in two separate regions of the cerebellar hemispheres. Therefore, deletion of Ku80 increased the occurrence of medulloblastoma in p53
rag-1 À/À mice showing that Rag-specific DSBs do not cause medulloblastoma suggesting that this form of cancer is caused by nonspecific DSBs that cause genome-wide damage. 
Other cancers
Cancers other than T-cell lymphoma and medulloblastoma were observed in this study. Two triple mutant mice were observed with different tumors, one with stomach neoplasm and another with sarcoma (not shown). Four p53 À/À rag-1 À/À mice were observed with different tumors: sarcoma, liver neoplasm, hemangiosarcoma or pituitary adenoma (not shown). For the control cohorts, only one morbid mouse was observed with a tumor (a ku80 À/À p53 þ / þ mouse with hepatocellular carcinoma).
Discussion
Here we examine the contribution nonspecific DNA DSBs vs Rag-specific DSBs have on cancer incidence in ku80
À/À mice. We show that Rag-1 is essential for development of pro-B cell lymphoma in agreement with previous results (Difilippantonio et al., 2002; Maser and DePinho, 2003) . However, we also show that Rag-1 is dispensable for the development of medulloblastoma. In addition, we show that deletion of Ku80 does not influence the development of T-cell lymphomas in p53
À/À mice. Therefore, these data show that both Ragdependent and Rag-independent DNA DSBs cause cancer in a limited number of cell types in ku80
À/À mice. Nonspecific DNA damage is the most likely cause of medulloblastoma as Rag-1 deletion did not ameliorate this form of cancer; therefore, this is the first demonstration that Ku80 suppresses cancer caused by general genome damage. Unlike B-and T-cell development, this observation does not support the notion that Raginduced DSBs are important for development of the nervous system. Instead of Rag-induced DSBs, this damage could come from a variety of sources including metabolic by-products, replication defects or external agents (not likely, as these mice were not exposed to any agents and live in a protected environment). A similar observation was made for leukemias in scid p53 À/À mice deleted for Rag-2 in that deletion of Rag-2 prevented the IgH/c-Myc fusions observed for all NHEJ-p53-mutated mice, but these mice exhibited pro-B cell lymphomas that possessed different translocations and different biological properties (Gladdy et al., 2003) . Thus, NHEJ repairs Rag-independent DNA damage that is important for suppressing certain forms of cancer.
Similar to the triple mutant mice, DNA ligase IVmutant mice also exhibit medulloblastoma (Lee and McKinnon, 2002) and based on our observations, medulloblastoma in DNA ligase IV-mutant mice is also likely caused by Rag-independent DNA damage. Even though our observations are similar to those described for the dna ligase IV
À/À mice, they are not identical as medulloblastoma occurs at a higher incidence with an earlier onset in the dna ligase IV À/À p53 À/À mice; at 9 weeks, all dna ligase IV À/À p53 À/À mice exhibit medulloblastoma (Lee and McKinnon, 2002) . This increased severity could be due to toxicity of Ku80 in the absence of DNA ligase IV that increases the severity of neuronal apoptosis for dna ligase IV À/À mice as compared to ku80 À/À mice (Karanjawala et al., 2002) . As neuronal apoptosis relies on p53 (Gu et al., 2000) , the severity of apoptosis in the presence of p53 would directly indicate the severity of cancer in the absence of p53. Thus, this comparison directly relates the severity of p53-mediated neuronal apoptosis to the severity of medulloblastoma and indicates the former prevents the latter. Therefore, this study strengthens the hypothesis that DNA damage responses to inefficiently repaired damaged DNA are responsible for much of the Ku80-mutant phenotype accounting for suppression of several types of tumors (pro-B cell lymphoma and medulloblastoma) and perhaps accounting for the early onset of age-related characteristics as we previously proposed (Vogel et al., 1999; Lim et al., 2000) .
It is curious that only pro-B cell lymphoma and medulloblastoma are commonly observed for the ku80 However, for EGL cells, that requirement is independent of Rag-specific DSBs and is therefore likely nonspecific genome-wide DNA damage. As tissuespecific differences have been noted for mutation accumulation (Dolle et al., 2000) , it is possible that EGL cells are either more prone or more susceptible to DNA damage. For the former possibility, EGL cells may possess more genotoxic by-products of metabolism (owing to either increased production or decreased removal). For the latter possibility, EGL cells may be more dependent on NHEJ if other DNA repair pathways such as homologous recombination are less prominent as compared to other tissues. Alternatively, cellular responses to DNA damage may be more pronounced in EGL cells if genome integrity is especially important for either development, function or tumor prevention. Thus, we have shown that Ku80 suppresses tumor formation in pro-B cells and EGL cells by repairing DNA damage that is dependent and independent of Rag-1, respectively.
Materials and methods

Mouse analysis
Mice were observed 5-6 times a week for the entire course of their lifespans. Moribund mice (losing weight and responsiveness) were observed multiple times a day and all mice were euthanatized when they were immobile and could no longer reach the water source. Morbidities were scored by KaplanMeier analysis and measured for statistical significance by the log-rank test. Euthanatized mice were observed by necropsy and organs removed and fixed for histology. All mouse procedures were carried out in accordance with The Guide for the Care and Use of Laboratory Animals and approved by the institutional IACUC.
Histological analysis
Tissues were fixed in 10% buffered formalin phosphate for 24 h and then in 70% ethanol until embedded in paraffin, cut into 4 mM sections and stained with hematoxylin and eosin by standard procedures.
Flow cytometry
Thymi were homogenized and cells were washed in phosphatebuffered saline and counted. Cell suspensions were preincubated with F c -block (BD Biosciences, San Jose, CA; p1 mg/ million cells) to reduce binding of antibody to the F c gII and F c gIII receptors, and subsequently incubated with fluorochrome-conjugated antibodies to cell surface markers. Monoclonal antibodies (BD Biosciences; p1 mg/million cells) to the following markers were used to determine immunophenotype: CD3-R-phycoerythrin (PE), CD4-PE-cychrome5 (CY5), CD8-fluoroscein isothiocyanate (FITC), CD43-R-PE, CD45R-PE-CY5 (B220), IgM-FITC and CD19-R-PE. Samples were analysed on a FACSCalibur Flow Cytometer (Becton Dickinson).
